Mutations in TBC1D24 cause early-onset epilepsy accompanied by variable degrees of intellectual disability [1] [2] [3] [4] [5] [6] , hearing loss 7-10 and cortical myoclonus and cerebellar ataxia 11 . In addition, deafness, onychodystrophy, osteodystrophy, mental retardation and seizures (DOORS) syndrome is attributed to mutations in TBC1D24 (refs. 12,13). Most mutations are loss-of-function mutations 14 , but how these mutations affect protein activity and neuronal function is unknown.
a r t i c l e s
Mutations in TBC1D24 cause early-onset epilepsy accompanied by variable degrees of intellectual disability [1] [2] [3] [4] [5] [6] , hearing loss [7] [8] [9] [10] and cortical myoclonus and cerebellar ataxia 11 . In addition, deafness, onychodystrophy, osteodystrophy, mental retardation and seizures (DOORS) syndrome is attributed to mutations in TBC1D24 (refs. 12,13) . Most mutations are loss-of-function mutations 14 , but how these mutations affect protein activity and neuronal function is unknown.
TBC1D24 encodes a protein with an N-terminal Tre2-Bub2-Cdc16 (TBC) domain linked to a TBC-LysM (TLDc) domain. This combination of a TBC and TLDc domain is unique among human proteins 15 , but orthologs with the same domain organization are found in other species including Drosophila melanogaster, in which the gene is called skywalker (sky) . Whereas the function of the TLDc domain is largely unknown, TBC domains typically interact with small GTPases that regulate vesicle trafficking 16 . Canonical TBC domains specifically stimulate Rab GTPase activity through arginine and glutamine 'fingers' and convert Rabs to their inactive, GDP-bound form 15, [17] [18] [19] . However, TBC1D24 and Sky contain an atypical TBC domain that lacks the arginine and glutamine residues 15 , thus suggesting that it might use an alternative mechanism to catalyze GTP hydrolysis 20 .
Human TBC1D24 has been proposed to bind Arf6, and Sky functionally interacts with Rab35 (refs. 2, 20) ; both Arf6 and Rab35 are G proteins that regulate vesicle endocytosis and recycling 16, [21] [22] [23] . In agreement with these findings, sky loss-of-function mutants show a dramatic increase in the rate at which synaptic endocytic vesicles traffic to presynaptic endosomes. This trafficking defect causes dysfunctional presynaptic protein sorting and increased neurotransmitter release 24 .
To determine how pathogenic mutations affect TBC1D24's function, we solved the crystal structure of the TBC domain of Sky. The structure reveals an unusual positively charged pocket that allows the TBC domain to directly bind membranes containing phosphoinositides phosphorylated at the 4 and 5 positions. The most prevalent forms of TBC1D24-induced neurological disease are caused by mutations in this pocket. In presynaptic terminals, the pocket is required for normal Sky function, and pathogenic mutations in the pocket reduce phosphoinositide binding and cause defects in presynaptic-vesicle trafficking. In fruit flies, these mutations elicit seizures and additional neurological defects. Interestingly, genetically increasing the levels of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) by mutating one copy of the synaptic phosphoinositide phosphatase synaptojanin 25, 26 suppresses the cellular and neurological defects in adult Sky cationic-pocket-mutant flies. Here, we identified a previously unrecognized phosphoinositide-binding pocket that underlies the binding of Sky to presynaptic membranes. This pocket is required for normal Sky function and is mutated in TBC1D24 in patients with nonsyndromic deafness, severe epilepsy and DOORS syndrome.
RESULTS

The crystal structure of Sky 1-353 reveals a cationic pocket
To determine the crystal structure of the TBC domain of Sky (Sky ), we expressed the protein in Escherichia coli and purified it to homogeneity. We collected X-ray diffraction data for crystals of the native protein at 2.5-Å resolution and solved the structure via singlewavelength anomalous diffraction (SAD) on a selenomethionine (SeMet) derivative ( Table 1 and Supplementary Fig. 1 ).
a r t i c l e s
Similarly to other TBC domains, Sky is all helical and can be divided into an N-terminal and a C-terminal lobe 27 (Fig. 1a) . Superposition of Sky with the TBC domain of Gyp1 (PDB 2G77 (ref. 19) ) indicates that the main differences in conformation occur at the interface of the N-and C-terminal lobes, where small GTPases are expected to bind 18, 19 (Fig. 1b) . The most notable difference concerns helix α5 of Gyp1, which is replaced by a loop (residues 120-148) in Sky , thus also causing a different conformation of the loop connecting α6 to α7 (in Gyp1 numbering of secondary-structure elements). These two regions in Gyp1 comprise the R and Q fingers, which are important for the activity of the GTPase-activating protein (GAP). The residues aligning with these R and Q residues in the Sky sequence, H140 and P172, adopt different spatial positions in the structure (Fig. 1b) . Hence, we provided structural evidence that the typical R and Q fingers are absent in Sky, thus suggesting that the Sky GAP cannot function via a mechanism similar to that of 'classical' RabGAP proteins.
Calculation of the conservation scores of the amino acid residues in the Sky TBC domain with the ConSurf algorithm 28 , using an alignment of 250 Sky homologs containing TBC and TLDc domains, revealed a region of high conservation at the interface of the Nterminal and C-terminal lobes on the opposite side of the GTPasebinding surface (Fig. 1c) . This conserved region in Sky corresponds to a highly positively charged pocket (Fig. 1d) lined by four lysine and four arginine residues: K71, R72, K75, R79, K203, K277, R281 and R335. The positive pocket also contains a sulfate ion that we added during purification to increase the protein thermostability. This cationic pocket is unique to the Sky-TBC1D24 family and is not present in any of the other 11 TBC structures in the Protein Data Bank (Supplementary Figs. 2 and 3) .
DOORS-associated mutations map to the cationic pocket
Mutations in TBC1D24 cause epilepsy, DOORS syndrome and nonsyndromic deafness. To gain insight into the mechanisms of pathology, we mapped the pathogenic mutations 14 on the structure. 19 of the 24 known mutations are missense mutations, most of which are located in the TBC domain of TBC1D24. Sequence alignment of TBC1D24 and Sky allowed us to map 14 of these 19 residues on the structure ( Fig. 2 and Supplementary Fig. 2) .
The majority (70%) of DOORS-syndrome patients with lesions in TBC1D24 carry mutations at either R40 and R242 (ref. 13 ). These residues cluster together in the crystal structure (R79 and R281 in Sky numbering) and are central to the cationic pocket in the Sky 1-353 structure (Fig. 2b) . Moreover, a third arginine residue that is mutated in people with nonsyndromic deafness (R293 in TBC1D24; R335 in Sky) also maps to the cationic pocket 29 . These observations further highlight the importance of the cationic pocket and its relevance to TBC1D24-related disease.
The cationic pocket is a phosphoinositide-binding module Because TBC1D24 and Sky regulate vesicle trafficking 20, 24, 30 , we hypothesized that the positively charged pocket of Sky might serve as a binding module to negatively charged membranes. We used a liposome flotation assay to test binding of Sky to liposomes produced from Folch-extracted total brain lipids. After recovering six fractions from the top to the bottom of the centrifugation tube, we found that Sky was nearly exclusively present in the top fractions containing the liposomes (Fig. 3a) . Hence, the TBC domain of Sky can associate with liposomes.
Phosphoinositides are a major class of lipids that regulate presynaptic activity 31 . We therefore performed liposome flotation assays using liposomes supplemented with different types of phosphoinositides (Fig. 3b) . Sky did not bind to liposomes devoid of phosphoinositides or containing nonphosphorylated phosphatidylinositol (PI) or PI(3)P ( Fig. 3b and Supplementary Fig. 4 ). We did observe weak binding to liposomes with phosphoinositides containing a phosphate at positions 4 or 5 (PI(4)P or PI(5)P) and the strongest binding to liposomes with PI(4,5)P 2 or PI(3,4,5)P 3 . When we varied the concentration of PI(4,5)P 2 from 0% to 5%, we observed binding of Sky at even the lowest nonzero concentration tested (0.5%), and full binding was reached at 2% PI(4,5)P 2 ( Fig. 3c and Supplementary Fig. 4a) . Moreover, the binding was reversed by the addition of increasing concentrations of salt, as expected for binding driven primarily by electrostatic interactions (Supplementary Fig. 4b ). Hence, Sky electrostatically interacts with phosphoinositides phosphorylated at the 4 and 5 position, and it interacts most strongly with PI(4,5)P 2 and PI(3,4,5)P 3 , both of which have been implicated in synaptic-vesicle trafficking 32, 33 .
To obtain a quantitative estimate of the affinity of Sky 1-353 for PI(4,5)P 2 , we determined the thermal stability (melting temperature, T m ) of Sky in the presence of increasing amounts of inositol 1,4,5-trisphosphate (IP 3 ), the soluble head group of PI(4,5)P 2 , by using thermal shift assays 34 . A saturating (2 mM) concentration of IP 3 increased the T m of Sky by approximately 13 °C. Fitting the T m value versus the IP 3 concentration yielded a K d of 19 ± 3 µM (Fig. 3d) , which was similar to the K d values of other protein domains that bind phosphoinositides 35, 36 . a r t i c l e s
To provide molecular insight into the mode of phosphoinositide binding by Sky, we determined the crystal structure of Sky in complex with IP 3 , to a resolution of 2.30 Å ( Table 1 ). The IP 3 molecule binds via multiple interactions with residues K75, R79, K277, R281, R335, G336 and T339 (Fig. 3e) . The phosphate group at position 1 interacts with the side chain of R335 and forms a bifurcated hydrogen bond with the main chain amino group of G336. The phosphate group at position 4 interacts with K277 and forms hydrogen bonds with the side chain and the main chain amino group of T339. The phosphate group at position 5 is the most tightly chelated and interacts with K75, R79 (bifurcated), K277 and R281 (bifurcated). Finally, the inositol hydroxyl group at position 6 might interact with R281 and R335. The hydroxyl groups at positions 2 and 3 do not interact with the protein. These structural observations explain the specificity of Sky for phosphatidylinositol phosphorylated at positions 4 and 5, and the 5 position appears to be the strongest determinant for binding. The data also indicate that Sky contains a unique phosphoinositidebinding pocket that is distinct from known phosphoinositide-binding domains ( Fig. 3f and Supplementary Fig. 5 ).
Pathogenic mutations affect phosphoinositide binding
To determine whether pathogenic mutations in the positive pocket of TBC1D24 would affect phosphoinositide binding, we assessed the binding of mutant Sky proteins to liposomes containing PI(4,5)P 2 . We purified the R79C, R281C and R335P pathogenic mutants (corresponding to R40C, R242C and R293P in TBC1D24) (Fig. 2a) and created a Sky 1-353 mutant (denoted 3Glu) in which all three of these arginine residues were replaced with negatively charged glutamate residues. Although the 3Glu mutant could not be purified to homogeneity, the amount of protein was sufficient for the liposome flotation assays. Finally, we tested flotation under conditions that were less (2% PI(4,5)P 2 ) or more (0.5% PI(4,5)P 2 ) stringent. The R79C and 3Glu mutations disrupted the interaction with PI(4,5)P 2 (Fig. 3c) . For the R281C mutant, the interaction with liposomes was lost only at low (0.5%) PI(4,5)P 2 a r t i c l e s concentrations, whereas the R335P mutant was retrieved entirely in the top fractions under all experimental conditions. Subsequently, we further quantified the effects of the pathogenic point mutations by measuring the affinity for IP 3 with thermal shift assays. Whereas the presence of a saturating amount of IP 3 caused a thermal stability shift of 13 °C in wild-type Sky , the R79C and R281C mutants showed only a small increase in thermal stability (by 4 °C), and the R335P mutant showed an increase by 8 °C. Fitting of the titration curves yielded K d values of 325 ± 200 µM for R79C, 180 ± 100 µM for R281C and 67 ± 17 µM for R335P, compared with a K d of 19 ± 3 µM for the wild-type protein (Fig. 3d) . Hence, the affinity of the mutant proteins for IP 3 was substantially decreased, by 17-to 3.5-fold compared with that of the wild-type protein. The effects of the clinical mutations on the affinity for IP 3 were consistent with the results of the liposome flotation assays, which showed the largest effect for the R79C mutant, an intermediate effect for the R281C mutant and the smallest effect for R335P. Moreover, these data correspond with our structure, in which R79 and R281 form bifurcated electrostatic interactions with the phosphate at position 5, whereas R335 forms a single electrostatic interaction with the phosphate at position 1 (Fig. 3e) . These data thus indicate a link between pathogenic mutations and the phosphoinositide binding function of Sky-TBC1D24. 
a r t i c l e s
The cationic pocket restricts Sky mobility at synapses Because Sky regulates the trafficking of synaptic vesicles 20, 24, 30 we reasoned that binding to phosphoinositides in the membrane might be critical for its function, and that in vivo the ability of Sky to bind to membranes would restrict its diffusion. To test Sky mobility at synapses, we used Drosophila neuromuscular junctions (NMJs) and assessed the fluorescence recovery after photobleaching (FRAP) of GFP in wild-type and mutant GFP-Sky (Fig. 4a,b) . We created transgenic fruit flies expressing N-terminal GFP-fusion constructs of Sky bearing the mutations that showed the strongest effects on PI(4,5)P 2 and IP 3 binding (GFP-Sky R79C , GFP-Sky R281C and GFP-Sky 3Glu ). We inserted all upstream activating sequence (UAS) constructs as well as wild-type GFP-Sky (GFP-Sky WT ) in the same genomic locus and expressed proteins through a neuron-specific driver (nSybGal4) in sky 1/2 mutants (sky 1/2 is a severely hypomorphic sky mutant 20 ). The mutant GFP-Sky proteins were all present at synaptic NMJ boutons and expressed at a level at least as high as that observed for GFP-Sky WT (Supplementary Fig. 6 ). These data indicated that the mutant GFP-Sky proteins were stable and trafficked to synapses. When we assessed GFP-Sky mobility by using FRAP, we found that the fluorescence in synaptic boutons expressing GFP-Sky R79C , GFP-Sky R281C or GFP-Sky 3Glu recovered significantly faster (ANOVA, Dunnett's test: P = 0.02) than in boutons expressing wild-type GFPSky (Fig. 4b) . These data suggest that Sky-membrane interactions, via Sky's cationic pocket, restrict Sky's mobility at synapses.
The cationic pocket is critical for Sky function
We next investigated whether membrane binding of Sky via PI(4,5)P 2 and PI(3,4,5)P 3 is functionally relevant in vivo 33, 37 . We expressed wild-type or mutant Sky in neurons (nSybGal4) of sky 1/2 mutants and assessed vesicle trafficking. We stimulated the neurons in the presence of FM 1-43, a fluorescent dye that is internalized into newly endocytosed vesicles, and then imaged synaptic fluorescence. In sky 1/2 mutants, FM 1-43 accumulated in sub-boutonic membrane structures that have previously been shown to express markers of sorting endosomes 20 (FYVE-GFP and Rab5) (Fig. 5a,b) . This defect was rescued by expression of wild-type Sky. In contrast, expression of the Sky point mutants (R79C, R281C and 3Glu) only partially rescued the defect in sky 1/2 mutants, and some FM 1-43 foci were still present. Quantification of the data indicated that the conditions under which we expressed mutant Sky in sky 1/2 mutants were different from the two control conditions, yw; FRT40A and sky 1/2 expressing Sky WT (sky 1/2 ; nsybGal4/Sky WT ) (Fig. 5a,b) . We also performed electron microscopy of stimulated (60 mM KCl) presynaptic terminals. sky 1/2 mutants expressing Sky WT did not show an accumulation of large cisternal or endosomal-like structures, and synaptic boutons were filled with normal-sized synaptic vesicles, which were very similar to wild-type control boutons (yw; FRT40A) (Fig. 5c,d) . In contrast, sky 1/2 mutants contained many cisternal or endosomal-like profiles, a result consistent with the appearance of FM 1-43 in clumps in these animals. When we expressed Sky R79C or Sky 3Glu in sky 1/2 mutants, the number of cisternal or endosomal-like profiles at synaptic boutons was significantly lower than that in sky 1/2 mutants but still significantly higher than when we expressed wild-type Sky (P = 0.0005) (Fig. 5d) . Hence, similarly to the FM 1-43 results, the EM data indicated that the cationic phosphoinositide-binding pocket is required for normal Sky activity at synaptic terminals, thus preventing the accumulation of excessive endosomal compartments after stimulation.
Cationic-pocket mutations cause epilepsy-like defects
We next assessed whether the cationic-pocket-mutant flies showed behavioral defects. sky-null and severe hypomorphic mutants died during development, but expression of wild-type Sky in only the nervous system allowed flies to live to adulthood (Fig. 6a) . Likewise, sky 1/2 mutants expressing positive-pocket-mutant Sky also survived. However, sky-mutant flies expressing Sky 3Glu or Sky R79C displayed frequent and severe loss of coordination, and most of the animals were unable to fly (Fig. 6a-c and Supplementary Video 1) . Furthermore these flies also underwent epileptic-like seizures at significantly elevated rates when they were subjected to vortex arousal (Fig. 6a,b and Supplementary Video 1), a result highly reminiscent of other fly seizure models 38, 39 .
Temperature alters the strength of synaptic transmission in fruit flies 40 . Correspondingly, we found that sky 1/2 mutants expressing Sky 3Glu or Sky R79C lost coordination, and some flies were unable to stand when they were incubated at temperatures above 34 °C for more than 3 min (Fig. 6d) . In contrast, control flies or sky mutants expressing Sky WT in the nervous system were able to stand after 3 min at 38 °C. Furthermore, when the flies were placed at 36 °C, sky 1/2 mutants expressing Sky 3Glu or Sky R79C dropped, whereas the majority of sky 1/2 mutants expressing Sky WT still were able to stand after 80 min (Fig. 6e) . Hence, perturbation of the positive pocket in Sky causes increased sensitivity to temperature. The severity of this sensitivity correlates with the severity of the perturbation in the positive pocket (in the order Sky 3Glu > Sky R79C > Sky WT control). a r t i c l e s Finally, to assess the behavior of sky 1/2 mutants expressing Sky 3Glu or Sky R79C under basal conditions, we measured the activity levels of individual flies in an automated fashion over a 24-h period (12 h light and 12 h dark) by measuring the interruption of an infrared light beam as flies walked in horizontal tubes 41 . sky 1/2 mutants expressing Sky with positive pocket mutations appeared restless and were significantly more active throughout the 24 h cycle, as compared with sky 1/2 mutants expressing wild-type Sky (Sky R79C : P < 0.01, Sky 3Glu : P < 0.0001) (Fig. 6f) . Together, the data indicate that positive pocket mutations in Sky cause hyperactivity, increased temperature sensitivity and seizures in fruit flies.
Partial synaptojanin loss rescues defects of Sky mutations
We next tested whether genetically increasing synaptic PI(4,5)P 2 levels in vivo would rescue the defects associated with the Sky phosphoinositide-binding-pocket mutants. For this purpose, we used mutations in synaptojanin (synj), which encodes a synaptic phosphoinositide phosphatase 25, 26, 42 . Compared with controls, synj mutants have increased PI(4,5)P 2 levels at synapses 43 . We found that heterozygous synj mutants showed significant rescue of the cellular and behavioral defects associated with Sky positive pocket mutants (Fig. 7) . sky 1/2 mutants that expressed Sky R79C and were heterozygous for synj (synj +/− ) showed normal GFP-Sky R79C mobility in our FRAP R79C ) bouton profiles from 6 animals. *P < 0.05; ***P < 0.001; ****P < 0.0001 by ANOVA, Dunnett's test. Source data for graphs are available online.
a r t i c l e s assay, thus indicating that increasing the PI(4,5)P 2 levels restricted the diffusion of the GFP-Sky R79C mutant across synapses (Fig. 7a,b) . Furthermore, whereas expression of the Sky R79C mutant in sky 1/2 flies only partially reduced the number of FM 1-43 foci, removal of one copy of synj rescued the FM 1-43 accumulation defect, and we observed no significant differences relative to controls (yw; FRT40A) or sky 1/2 mutants expressing wild-type Sky WT (Fig. 7c,d ). Finally, sky 1/2 mutants that expressed Sky R79C and were heterozygous for synj were not more temperature sensitive than controls at 36 °C (Fig. 7e) and showed significantly fewer seizures than Sky R79C mutants (Fig. 7f) . Hence, a partial decrease in synaptojanin activity was sufficient to rescue the defects associated with disruption of the cationic pocket in Sky.
DISCUSSION
In this work, we discovered a previously uncharacterized phosphoinositide-binding pocket that docks the unconventional TBC protein Sky-TBC1D24 to synaptic membranes and is mutated in people with nonsyndromic deafness, DOORS syndrome and epilepsy. The direct association of a TBC domain with membrane phosphoinositides had not yet been described. We found that this feature is important for normal Sky function: flies expressing phosphoinositide-bindingpocket mutants displayed presynaptic-vesicle trafficking defects and seizure-like behavior. Our work suggests an essential role of phosphoinositide-dependent membrane association and vesicle trafficking in TBC1D24-induced neuronal pathology.
Sky-TBC1D24 binds phosphoinositides through its TBC domain
Classically, TBC domains possess GAP activity, and they use 'typical' R and Q fingers to promote GTP hydrolysis in Rab proteins 19 . Our crystal structure presents evidence that Sky belongs to a group of unconventional TBC proteins, in which these fingers are lacking and are not apparently replaced by other residues with an analogous function. Hence, the GAP activity of full-length Sky toward Rab35 is significantly lower (nearly 1,000-fold) than that of some other conventional RabGAPs 15, 19, 20, 44 .
Our structure also reveals a new role for the Sky TBC domain as a phosphoinositide-binding module with specificity for PI(4,5)P 2 and PI(3,4,5)P 3 . For membrane targeting, GAPs are commonly fused to specialized phosphoinositide-binding domains, such as a PH, PX, FYVE or ENTH domain 17, 45, 46 . In contrast, Sky binds phosphoinositides by using a cationic pocket on the opposite side of the GTPase-binding site of the TBC domain. The positively charged residues constituting this pocket are highly conserved among Sky homologs, including the human ortholog TBC1D24 ( Supplementary  Fig. 2 ), whereas no other TBC structure in the Protein Data Bank contains a similar pocket (Supplementary Fig. 3) . In contrast to many other phosphoinositide-binding domains, the positively charged residues constituting the cationic pocket in the Sky TBC domain are provided by structure elements from different regions in the amino acid sequence, such that a phosphoinositide-binding motif cannot be easily discerned from the primary sequence alone 45 (Supplementary Fig. 5 ). 
a r t i c l e s
In addition, the cationic pocket in Sky is surrounded by a larger positive surface that, when modeled, perfectly docks on membranes and may further strengthen the interaction while keeping the GTPasebinding surface vacant for other functional interactions (Fig. 3f) .
The cationic pocket controls synaptic-vesicle trafficking
The binding specificity of Sky for 4-and 5-phosphorylated phosphoinositides, including PI(4,5)P 2 and PI(3,4,5)P 3 , is consistent with the physiological role of Sky in vesicular trafficking 20, 24, 30 . Differently phosphorylated phosphoinositides serve as identity tags for specific membrane compartments 31, 47 . PI(4,5)P 2 and PI(3,4,5)P 3 concentrate in endocytic and exocytic zones of the plasma membrane during synaptic-vesicle cycling, thus allowing synaptic factors to bind and orchestrate vesicle formation and fusion 37, 48 . We propose that Sky is recruited to synaptic membrane zones that are rich in PI(4,5)P 2 and/or PI(3,4,5)P 3 . Binding at these membrane compartments can potentially be stabilized further through interactions with other membrane-bound partner proteins. In addition, binding of Sky to the membrane may also recruit and regulate target GTPases or other regulators. These (transient) interactions can then potentially participate in regulating Sky-dependent synaptic-vesicle trafficking.
Sky pathology is rescued by increasing PI(4,5)P 2
Mutations in TBC1D24 lead to severe forms of epilepsy associated with intellectual disabilities and mental retardation, nonsyndromic deafness and DOORS syndrome [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The mutations that are the most prevalent cause of DOORS syndrome 13 (R40C and R242C) are located in the phosphoinositide-binding pocket, and the corresponding residues in Sky (R79 and R281) tightly interact with the phosphate group at position 5 of PI(4,5)P 2 . Correspondingly, the R79C and R281C mutations substantially affect binding to PI(4,5)P 2 . A third mutation (R293P) linked to nonsyndromic deafness also maps to the phosphoinositide-binding pocket 29 . R335, the corresponding residue in Sky, interacts with the phosphate group at position 1 of IP 3 , and the R335P mutation has a much smaller effect on PI(4,5)P 2 binding in vitro. Hence, we conclude that defects in phosphoinositide binding are relevant for different types of TBC1D24-induced pathologies.
Similarly to patients, sky-mutant flies expressing Sky with clinical mutations underwent seizures that were similar to the human symptoms (Supplementary Video 1), and they displayed neuronal defects that were absent when we expressed wild-type Sky in the nervous systems of sky-mutant flies. The defects in the pathogenic mutants were less severe than those in sky 1/2 mutants, thus indicating that they arose from partial loss-of-function alleles. This conclusion is consistent with the observation that the pathogenic mutations in the phosphoinositide-binding pocket significantly reduced the affinity for IP 3 and PI(4,5)P 2 but did not completely abolish binding. We exploited the observation that Sky cationic-pocket mutants had lower PI(4,5)P 2 binding affinity to rescue the defects associated with the pathological mutants. We reasoned that the defects of the cationicpocket mutants would be reverted by increasing phosphorylated phosphoinositide levels and used genetic ablation of synaptojanin. Synaptojanin is a synaptically enriched phosphoinositide phosphatase that contains a SAC1 phosphatase domain and a 5-phosphatase domain. The latter domain dephosphorylates PI(4,5)P 2 and PI(3,4,5)P 3. We found that reducing the levels of this enzyme by 50% was sufficient to lower the mobility of the most severe Sky cationic-pocket mutant to that of wild-type Sky and to rescue the neurological defects in the Sky-mutant flies. Our work thus predicts that specific inhibitors of the synaptojanin 5-phosphatase domain might be beneficial to revert TBC1D24-mutation-associated defects. We hope that the molecular insight and the approach to reestablish TBC1D24-membrane interactions on the basis of synaptojanin inhibition described here will constitute a viable strategy to bypass TBC1D24-induced defects.
METHODS
Methods and any associated references are available in the online version of the paper. 
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ONLINE METHODS
Cloning, protein expression and protein purification. The open reading frame (ORF) encoding the TBC domain of Sky (residues 1-353) was amplified by PCR from the full-length sky ORF, which was generated as previously described 20 . The PCR product (Sky ) was digested by NdeI and SacI and ligated into a pET28a expression vector (Novagen). The resulting plasmid pET28a-Sky and all point mutants introduced by the QuikChange site-directed mutagenesis method were verified by sequencing (VIB genetic sequencing facility). After transformation of E. coli C41 (DE3) (Novagen) cells with the pET28a-Sky vector, the cells were grown at 310 K in Luria Broth medium supplemented with 25 mg/l kanamycin until an optical density at 600 nm (OD 600 ) of 0.5 was reached, after which cells were incubated at 277 K for 2 h with 2% (v/v) ethanol to induce chaperone production. Protein expression was then induced by the addition of 1 mM IPTG. After incubation for 18 h at 293 K, cells were harvested by centrifugation.
SeMet enrichment of Sky was accomplished by feedback inhibition of the methionine biosynthesis pathway. Minimal medium was prepared according to the protocol described in ref. 49 but was supplemented with 0.5% glucose and 0.001% thiamine. The cultures were allowed to grow at 37 °C until an OD 600 of 0.7 was reached and were then supplemented with lysine, phenylalanine, threonine (100 mg/l), isoleucine, leucine, valine (50 mg/ml) and SeMet (60 mg/ml). Thirty minutes after addition of these amino acids, overexpression was induced by the addition of 1 mM IPTG. Expression was continued for 18 h at 293 K before cells were harvested.
All steps of Sky purification were performed at 277 K. The bacterial pellet was resuspended in buffer A (25 mM HEPES, pH 7.5, 150 mM NaCl and 10% glycerol) supplemented with 15 mM imidazole, 250 mM MgSO 4 , 1 mM DTT, 1 µg/mL leupeptin protease inhibitor (Roth) and 50 µg/mL DNase, and disrupted with a cell-disruptor system (Constant Systems). After clearance of the lysate via centrifugation, Sky 1-353 was purified with a two-step purification protocol consisting of immobilized metal affinity chromatography followed by size-exclusion chromatography. The supernatant was applied to an Ni 2+ -NTA-Sepharose column (GE Healthcare), and, after extensive washing with buffer A supplemented with 15 mM imidazole, 150 mM NaCl and 250 mM MgSO 4 , the protein was eluted by increasing the imidazole concentration to 500 mM. Fractions containing the protein of interest were pooled, concentrated and applied on a Superdex75 size-exclusion chromatography column (GE Healthcare) with buffer A supplemented with 10 mM MgSO 4 as running buffer. All protein variants were purified with the same protocol.
Structure determination. Crystals of Sky were obtained by the sitting-drop vapor-diffusion method at 277 K. Crystals of native and SeMet-labeled proteins were obtained in the presence of 20% PEG 3350 and 0.2 M ammonium citrate tribasic, pH 7.0 (crystal form 1; Supplementary Fig. 1 ). The complex of Sky with IP 3 was obtained by soaking crystals grown in 25% PEG 1500 and 0.1 M succinate/phosphate/glycine, pH 7.0 (crystal form 2; Supplementary Fig. 1 ) with 5 mM IP 3 (Merck Millipore) for 1 h. Before being flash frozen in liquid nitrogen, all crystals were briefly soaked in mother liquor supplemented with 25% glycerol.
Data were collected at 100 K at the Proxima 2 beamline of the SOLEIL synchrotron for native and SeMet-labeled protein crystals (λ = 0.9801 Å and 0.9791 Å, respectively) and at the ID23-1 beamline of the ESRF synchrotron for crystals of Sky in complex with IP 3 (λ = 0.9762 Å). Diffraction data were integrated and scaled with XDS 50 . Crystals of form 1 and 2 belonged to space groups P4 1 2 1 2 and P4 2 2 1 2, respectively. For crystals of the native protein (crystal form 1), diffraction data to 2.5-Å resolution were collected. Sky 1-353 -IP 3 crystals (crystal form 2) diffracted to a resolution of 2.30 Å. Because the crystals of SeMet-labeled protein (crystal form 1) were small and sensitive to radiation, three data sets collected on different crystals were merged in XDS (merged data set of 3.28-Å resolution). The SeMet-labeled Sky 1-353 structure was solved with the singlewavelength anomalous diffraction (SAD) method at the SeMet peak wavelength with Autosol and Autobuild from the Phenix suite 51 . This initial low-resolution model was then used to solve the structure of the high-resolution native Sky structure through molecular replacement with Phaser 52 . The latter structure was used to solve the Sky 1-353 -IP 3 complex with molecular replacement. Models were then improved by iterative cycles of refinement with Phenix and manual building in Coot 53 . MolProbity was used for structure validation 54 . X-ray data collection and refinement statistics are listed in Table 1 .
Structural analysis. All structural figures were produced with PyMOL (http:// www.pymol.org/). Poisson-Boltzmann electrostatics were calculated with the PARSE force field in PDB2PQR 55 and visualized with APBS 56 in PyMOL. The PI(4,5)P 2 -containing POPC bilayer was generated with the CHARMM-GUI 57 . Blastp was used to search for homologs of Sky and Gyp1 (ref. 58) , the multiple sequence alignments were built with Cobalt 59 , and conservation analysis was performed via the sequence identity and similarity server ((SIAS, Universidad Complutense Madrid). Mapping of the amino acid conservation scores was performed with the ConSurf server by using a maximum likelihood calculation. Sequence alignment based on structural superposition was produced with T-Coffee 60 with default parameters and was presented with Espript 61 .
Lipid binding and thermal shift assays. All lipids were purchased from Avanti Polar Lipids. Liposomes were prepared with either Folch brain total lipid extract or with a mix of phosphatidylcholine and phosphatidylserine (80:20 ratio) supplemented with 0.5%, 2% or 5% of a specific phosphoinositide, as indicated. Lipids in chloroform and methanol (19:1) were mixed, and the solvent was removed by evaporation under an N 2 stream. The lipid film (385 µg) was resuspended for 1 h at 37 °C in HP30 buffer (20 mM HEPES and 30 mM KCl, pH 7.4). Liposomes were generated by bath sonication for 10 min at 37 °C. The liposomes were subsequently incubated with 6 µg of wild-type or mutant Sky 1-353 for 10 min at room temperature in a final volume of 231 µl. PI(4,5)P 2 -GRIP (Echelon Biosciences) was used as a positive control. 21 µl of the sample (labeled 'input') was collected and used as a control for the western blot. Subsequently, this mix was loaded on a sucrose cushion (30% sucrose layer, 25% sucrose layer and HP30 buffer layer) and centrifuged at 40,000 r.p.m. for 220 min in a Beckman fixed rotor (50.4 Ti).
Fractions from the top to the bottom were collected and assayed through western blotting against hexahistidine (Sky 1-353 ) or GST (PI(4,5)P 2 -GRIP). Mouse anti-histidine and goat anti-mouse antibodies were purchased from AbD Serotec (cat. no. MCA1396) and from Thermo Fisher Scientific (cat. no. G21060), respectively. Rabbit anti-GST and goat anti-rabbit antibodies were purchased from Sigma-Aldrich (cat. no. G7781 and A8025, respectively). Validation information for the primary antibodies is available on the manufacturers' websites.
Titration curves for binding of IP 3 to Sky were obtained via thermal shift assays at different concentrations of IP 3 . Thermal unfolding was detected on the basis of SYPRO orange fluorescence with a CFX connect real-time PCR system (BioRad). 0.2 mg/ml (4.7 µM) protein was combined with 3× SYPRO Orange Protein Gel Stain (Thermo Fisher Scientific) at different concentrations of MgSO 4 Genetics. Fly stocks were reared on standard cornmeal and molasses medium at 21 °C. For experiments, mutants and controls were grown under optimal conditions on grape-juice plates with fresh yeast paste. The sky mutants were yw eyFLP; FRT40A sky 1 /FRT40A sky 2 , and the wild-type controls were yw eyFLP; FRT40A, as previously described 20 . The synj mutants were EYFLP; FRT42D SYNJ 1 , as previously described 26 , and the sky 1 allele (on 2L) was recombined with the synj 1 allele (on 2R). The presence of FRT40A or FRT42D was not verified. nSybGal4 was from the Bloomington Drosophila stock center. Wild-type sky cDNA, patient mutation alleles and triple mutations in the positive pocket were based on BDGP cDNA clone LD10117 and were synthesized from three DNA blocks (Integrated DNA Technologies) with overlapping ends and a pUAST-attB vector backbone 62 . The second DNA block was adapted to include either a patient single mutation or triple point mutations. DNA blocks and the pUAST-attB vector were digested with NotI and XhoI restriction enzymes and ligated via Gibson Assembly 63 (New England BioLabs), and correct synthesis and ligation were confirmed by sequencing. UAS-Sky and all sky mutants were inserted into the genome through ϕC31-mediated integration at the VK33 (cytological location 65B2, PBac{yellow+-attP-3B}VK00033) docking site on the third chromosome. Primers for UAS-Sky cDNA amplification were: fwd, 5′agaattcATGCCATAC-CATCGAGGCGG3′; rev, 5′aagcggccgcTTAGATGCCCACGAATCCGTAG3′ (EcoRI and NotI restriction sites are in lowercase). Adult flies were separated into males and females for behavior experiments.
